The use of short pulse laser for minimally invasive detection scheme has become an indispensable tool in the technological arsenal of modern medicine and biomedical engineering. In this work, a time-resolved technique has been used to detect tumors/inhomogeneities in tissues by measuring transmitted and reflected scattered temporal optical signals when a short pulse laser source is incident on tissue phantoms. A parametric study involving different scattering and absorption coefficients of tissue phantoms and inhomogeneities, size of inhomogeneity as well as the detector position is performed. The experimental measurements are validated with a numerical solution of the transient radiative transport equation obtained by using discrete ordinates method. Thus, both simultaneous experimental and numerical studies are critical for predicting the optical properties of tissues and inhomogeneities from temporal scattered optical signal measurements. r
Introduction
Optical imaging has attracted significant interest as a potential noninvasive diagnostic tool for detecting tumors and other abnormalities hidden in biological tissues. optical techniques such as frequency-resolved [1] , time-resolved [2] and CW techniques have been proposed that use different geometries [3] . These techniques offer several advantages often not available in established imaging methods such as ultrasound, X-ray computed tomography and magnetic resonance imaging [4] . This is due to the fact that visible light is nonionizing over many wavelengths and is known to function well for medical probes. In particular, red and infrared light pass relatively easily through such structures as the skull, brain and breast due to lesser absorption and scattering and is well tolerated in large doses. Visible light can, therefore, be used to quantify tissue properties. Visible and near-infrared optical tomography has been recognized as an ideal noninvasive diagnostic technique due to its potential low-cost and minimal side-effects [2, 3] . Optical tomography is capable of functional imaging and is a particularly interesting technique because it provides cross-sectional views of physiological processes not obtainable with other methods. Since light cannot penetrate more than a few millimeters of tissue without being scattered a large number of times, if optical imaging is to become a viable diagnostic technique, it must rely exclusively on information encoded in scattered light [5] .
When a tissue is illuminated with a short pulse of light, the reflected/transmitted pulse is significantly broadened due to multiple scattering in the media. The scattered signals from the tissue can be used to generate information about the tissue interior. Researchers have approached the task of imaging in two ways, using time-resolved measurements or the frequency-domain equivalent. Frequency-domain methods involve harmonically modulated photon density waves and phase-resolved detection, which measures the phase shift of the photon density waves, while the time-resolved methods use pulsed excitation and gated detection to examine the response of tissue to incident pulsed light sources [6] .
This work has been motivated by a number of potential clinical applications specially as a safer alternative to X-rays and as a means of detecting tumors. The scattered signals from tissue phantoms can be used to generate images with significantly better spatial resolution [7] . The image Dirac delta function m, Z, x direction cosines reconstruction method depends on developing a forward model for simulating boundary measurements for a given experimental setup and known optical tissue parameters and using it to determine the tissue parameters from a given experimental setup and a given set of measurements [7] [8] [9] . In this work, a time-resolved technique has been used to detect tumors in the tissues using transmitted/reflected temporal signals due to an incident short-pulse laser source. In optical tomography involving a short-pulse laser, the short-pulse laser source is focused on the region to be probed and the time-dependent scattered reflected and transmitted signals are measured at different locations using ultrafast detectors. Short-pulse laser probing techniques for diagnostics have distinct advantages over very large pulse width or continuous wave lasers primarily due to the additional information conveyed by the temporal distribution of the observed signal. The distinct feature is the multiple-scattering-induced temporal distributions, which persists for a time period greater than the duration of the source pulse and is a function of the source pulse width as well as the optical properties of the medium. If the detection is carried out at the same short timescale (comparable to the order of the pulse width), the signal continues to be observed even at large times after the pulse has been off, due to the time taken for the photons to migrate to the detector after multiple scattering in the media. On the other hand, when conventional CW laser sources are utilized, the information available is the magnitude of the net attenuation and the angular distribution of the transmitted or reflected signal, which does not provide useful information about medium properties.
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Several other techniques that have been previously used for biomedical imaging focus on the initial transients of the temporal signal. Time gating, optical coherence interferometry techniques and streak camera applications have been used for evaluating the earliest arriving photons [10] . However, these ballistic components may not be of practical use for tissues thicker than a few centimeters because they are not measurable with increasing tissue thickness. The frequencydomain techniques developed for biomedical imaging also suffer from low resolution due to nonavailability of high-frequency source restricting the temporal resolution to a few nanoseconds.
One of the objectives of this work is to validate the forward solutions of transient radiative transport equation necessary to analyze short-pulse laser propagation through tissues. In most of the earlier analyses, the transient term of the radiative transport equation (RTE) is usually neglected. This assumption does not lead to errors, as the temporal variations of observed signals are slow compared to the time of flight of a photon. However, in applications involving shortpulse laser interactions with tissues, the transient term effect must be considered in the RTE [11] . Transient solution of radiative transfer equation for one-dimensional geometry for the case of short-pulse laser incidence has been developed and reported in the literature [11] . The work has been extended to two-dimensional geometry using the simplified first-order spherical harmonics (P 1 ) approximation for a rectangular geometry [12] . Integral equation formulation techniques for the transient radiative transport equation have been also developed [13] . However, the P 1 model underestimates the speed of light propagation and the integral formulation is difficult to apply to complex geometries. The Monte Carlo (MC) method has also been used by many researchers [14] . But the MC method requires a large number of emitted bundles to obtain smooth accurate solutions, particularly for optically thick samples, and is computationally expensive [15] . Radiation element method with ray tracing model has been also developed for solution of transient radiative transfer equation [16] . The discrete ordinate method (DOM) has become popular for solving transient radiative transport equation accurately and efficiently. The one-dimensional DOM has been used to analyze short-pulse laser propagation through scatteringabsorbing media such as tissues, and ocean water [11, 17] .
In this paper, the experimentally measured temporal reflected optical signals from a tissue phantom containing inhomogeneities due to short-pulse laser irradiation having a Gaussian distribution are compared with the numerical solutions of transient radiative transport equation. The DOM, in conjunction with the piecewise parabolic method scheme developed previously by the authors, is used to obtain numerical solutions [18] . The analysis of temporal reflected optical signals as performed in this paper is important for most of the biomedical imaging and probing applications involving detection of tumors in tissues. Such studies are critical for predicting the optical properties of tissues and inhomogeneities/tumors as well as the location and size of the tumor/inhomogeneity. The temporal optical reflected signals from tissue phantoms containing inhomogeneities/tumors imbedded in it are collected using fiber-optic collimator lens assembly and connected at the other end to the streak camera. A parametric study involving different scattering and absorption coefficients of tissue phantoms and inhomogeneities, detector position, as well as the inhomogeneity size is performed. The authors have previously performed a study for experimental validation of transmitted optical signals for the case of a square pulse [19] . In those measurements, the transmitted signal is captured by the focusing lens of the streak camera, unlike the fiber-optic approach as used in this paper. Some modeling and experimental results of the transmitted optical signals for the case of short-pulse laser source having a Gaussian distribution are also presented. collected into a Hamamatsu streak camera unit using a collimator lens assembly. The streak unit comprises ultra fast synchroscan unit with the frequency-tuning unit, coupled with a Hamamatsu CCD camera. The time resolution of streak camera used in this study is 10 ps. The streak camera image acquisition control is remotely done using the HPDTA_32 software, which is also used for image processing. An image integration technique is used for collection of data, which helps to clearly distinguish noise from useful data for low-intensity optical signals. The streak camera is triggered from the mode locker at the rate of 76 MHz. Detailed discussion of the experimental procedure can be found in the literature [19] .
Experimental procedure

Mathematical formulation
In this paper, the tissue medium is approximated by an anisotropically scattering and absorbing rectangular enclosure in which an inhomogeneity is imbedded (see Fig. 2 ). The transient radiative transfer equation (RTE) is given by [11, 20] ), k e and k s are the extinction coefficient, and the scattering coefficient, respectively, F is the phase function, O is the solid angle, c is the velocity of light in the medium, x and y are the spatial coordinates, t is the time and S is the source term. The scattering phase function can be represented in a series of Legendre polynomials P n by where g is the asymmetry factor and N is the anisotropy factor. Higher the value of g and N, more forward scattered is the phase function of the media. Tissues usually are highly forward scattered media. Typical values of g vary from 0.75 to 0.9 [18, 21, 22] and N varies from 12 to 20. The scattering angle Y is represented by
where m, Z and x are the directions cosines of the light propagation direction O. The pulsed radiation incident on the tissue medium at face 1 (see Fig. 2 ) is a Gaussian pulse having a temporal duration (pulse width) t p at full-width half-maximum (FWHM). The intensity can be separated into a collimated component, corresponding to the incident source and a scattered intensity. If I c is the collimated intensity, then I is the remaining intensity described by Eq. (1). The collimated component of the intensity for a Gaussian laser pulse source is represented by
where I 0 is the intensity leaving the wall towards the medium, d(t) the Dirac delta function and s 
The boundary conditions are such that the intensity leaving the boundary surface is composed of the contribution of the outgoing emitted intensity and the reflection of incoming radiation in direction O. The refractive indices of the base tissue phantom and inhomogeneities are chosen to be the same; then the laser beam does not change direction after entering the inhomogeneity. In the discrete ordinates method, the RTE and the associated boundary condition are replaced with a set of equations for a finite number of M directions that cover 4p sr solid angles. The integral terms of Eqs. (1) and (4) 
Results and discussions
Reflected and transmitted signals from tissue phantoms with and without inhomogeneity are measured experimentally. Numerical simulation results obtained by solving two-dimensional RTE using discrete ordinate method have been used to validate the experimental measurements. The tissue phantoms used are cast by mixing araldite resin having a refractive index (n) of 1.54 together with an anhydride and a hardener. Typical sample cross-section used is 25 mm Â 50 mm with varying thickness of 8 and 12 mm. Titanium dioxide (TiO 2 ) particles having a mean diameter of 0.3 mm are added as scatterers and dye is used as an absorber. The scattering and absorption coefficients are varied by varying the concentration of TiO 2 and dye in the resin matrix. Inhomogeneities typically of 4 mm diameter are drilled in the samples and filled with different scattering and absorption coefficients than the base resin matrix [23] . Details about phantom preparation can be found in the literature [19] .
A typical experimental measurement scheme is shown in Fig. 2 , where the reflected signals are collected by fiber-optic collimator lens assembly (detector) at positions D R1 and D R2 while the transmitted signals are measured at positions D T1 and D T2 . It should be noted from Fig. 2 that the transmitted signals can be collected at the beam axis, while the reflected signals are always collected off-axis to avoid interference with the incident beam. Fig. 3 shows the comparison of transmitted signals at position D T1 between numerical model and experimental measurements for a homogeneous tissue phantom having thickness L ¼ 8 mm; k s ¼ 10 mm À1 and k a ¼ 0:005 mm À1 : A good agreement between the modeling result and experimental measurements is obtained within the uncertainty limits of the streak camera, which is 710 ps. Similar comparison for temporal reflected signals for the same homogenous tissue phantom is shown in Fig. 4 . These experiments have been performed for two positions of the collimator detector. It is observed that the temporal spread of the scattered signal increases as the collimator lens assembly moves away from the beam. This is due to a larger optical path being traveled by photons in the medium. at larger times as well as at smaller times. Hence, this method can be developed into an effective technique to detect inhomogeneity/tumor location in tissues. Spatial reflected and transmitted optical signals obtained by line scan are validated with the numerical model for a particular time instant as shown in Fig. 7 . For measurements in transmission mode line scanning is performed along face 2 as shown in Fig. 2 . It is interesting to note that the time instant chosen in Fig. 7 corresponds to the time when the demarcation is most prominent for both transmission and reflection measurements. Also, a change in intensity magnitude and distribution is observed for the transmitted and reflected optical signals. There is an excellent matching between the experimental measurements and numerical models as evident in Fig. 7 . In Fig. 8 phantom and inhomogeneity increases, a better contrast is obtained about the inhomogeneity location, thus making it easier to locate the inhomogeneity. Fig. 9 shows the effect of variation of inhomogeneity size obtained both numerically and experimentally for a 12-mm thick tissue phantom. As inhomogeneity size increases, light undergoes more scattering in the inhomogeneity, thus broadening the pulse. A shift in the peak in the temporal axis also contains qualitative information about the inhomogeneity size. The case of homogeneous phantom is also plotted in Fig. 9 to demonstrate the effect of temporal broadening and shift due to the presence of inhomogeneities. 
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Conclusion
An extensive experimental study, validated by a numerical model, has been performed to investigate the scattering of light in tissue media containing inhomogeneity/tumor. Both the reflected and transmitted optical signals can be used to obtain information about inhomogeneity embedded in the tissue. Parametric study as performed in this work demonstrates that it is possible to differentiate between healthy tissue and tumors/inhomogeneities using time-resolved analysis. Accurate validation of the forward transient radiative transport equation with the experimentally measured data is critical before the development of the inverse algorithms. Shortpulse laser probing is a nascent technology and this work for detection of tumors in tissues can be furthered by experiments on animal models. 
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